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INTRODUCTION
Fish meal (FM), the major ingredient of fi sh feed, is commonly used fi sh diets in the rate of 20%-60% (Watanabe 2002) . The availability of FM, however, cannot be guaranteed any longer because the capture fi sheries are levelling off (Hlophe and Moyo 2014) . Hence, partial or total replacement of FM with cost-effective, widely available, plant or animal protein sources has been important for developing aquaculture sector (Yang et al. 2006 , Hernández et al. 2014 . Poultry by-product meal (PBM) is one of these alternative protein sources and has long been evaluated as a potential substitute for FM in aquaculture feeds (Aydın and Gümüş 2013). Encouraging results for the utilization of PBM protein to replace FM protein in aquaculture feeds have been reported for species such as mirror carp, Cyprinus carpio Linnaeus, 1758 (see Emre et al. 2003) ; black sea turbot, Scophthalmus maeoticus (Pallas, 1814) (see Turker et al. 2005) ; Prussian carp, Carassius auratus gibelio (Bloch, 1782) (see Yang et al. 2006) ; Malaysian mahseer, Tor tambroides (Bleeker, 1854) (see Ismail et al. 2012) ; Nile tilapia, Oreochromis niloticus (Linnaeus, 1758) (see Hernández et al. 2010, Aydin and Gümüş 2013) ; and rainbow trout, Oncorhynchus mykiss (Walbaum, 1792) (Parés-Sierra et al. 2014 ). The above-mentioned studies demonstrated the potential of PBM as an alternative feed ingredient for aquaculture. However, there are concerns that substantial replacement of FM protein could ad-versely effect the fi sh fl esh quality, due to lowered (Σ n-3 PUFA) fatty acids content (Pigott 1989 , Ahlgren et al. 1994 . The fatty acid composition in the muscle of fi sh is directly affected by dietary fatty acid composition. It is important for the feed to contain balanced levels of polyunsaturated fatty acids and highly unsaturated fatty acids. So, a number of studies have been performed to evaluate the effects of alternative protein sources used in fi sh feeds as FM substitutes on fi sh fatty acid composition (Maina et al. 2003 , Dias et al. 2005 , Gümüş and Erdogan 2010 , Nogueira et al. 2012 , Gümüş and Aydin 2013 , Parés-Sierra et al. 2014 , and also the effects of different lipid sources used in fi sh feeds as energy sources (Stubhaug et al. 2005 , Ruyter et al. 2006 , Karapanagiotidis et al. 2007 . Although the differences in the amounts of corn oil in the diet were slight, the high level of linoleic acid in corn oil affected the lipid metabolism and fatty acid bioconversion and or accumulation (Stubhaug et al. 2005) . According to Karapanagiotidis et al. (2007) , replacement of dietary fi sh oils by alpha-linolenic acid-rich oils decreased omega-3 fatty acids content in tilapia fl esh. Ruyter et al. (2006) indicated that the percentages of 20:5n-3 and 22:6n-3 considerably lower, while those of 20:4n-6 and 20:4n-3 were higher in the phospholipids fractions of both liver and intestine of Atlantic salmon, Salmo salar Linnaeus, 1758, fed diets containing soybean oil. Some studies have reported that inclusion of increasing levels of alternative protein sources in feed for Nile tilapia (Gümüş and Erdogan 2010) or sole (Cabral et al. 2013 ) did not affect Σ n-3 PUFA content in muscle due to the high retention of docosahexaenoic acid (DHA) in muscle of fi sh. However, the replacement of FM by PBM has a profound impact on the fatty acid composition of carp muscle with an increase in 18:1n-9 and Σ n-6 PUFA (18:2n-6) and a decrease in Σ n-3 PUFA (20:5n-3 and 22:6n-3) (Gümüş and Aydin 2013). While fatty acid composition of fi sh muscle has critical importance in human nutrition, the fi sh liver is a key organ that aid in the digestion of feed and plays an important role in fi sh digestive system. Therefore, researchers have recently stated their studies that the monitoring of this organ is important in FM replacement studies (Caballero et al. 2004 , Rašković et al. 2011 . Histological changes in liver and intestine of fi sh fed diets containing various levels of alternative protein sources have been previously demonstrated in different fi sh species by several authors (Merrifi eld et al. 2009 , Nogales Mérida et al. 2010 , Gai et al. 2012 , Martínez-Llorens et al. 2012 , Hu et al. 2013 , Hlophe and Moyo 2014 . Thus, the objective of this study was to investigate fatty acid composition and liver histology of Nile tilapia fry when FM protein is replaced by PBM protein as an alternative protein source.
MATERIALS AND METHODS
Rearing conditions of fi sh and feeding. The feeding trial was carried out at the Laboratory of the Fisheries Faculty of the Akdeniz University, Antalya, Turkey. Nile tilapia (Oreochromis niloticus) fry were purchased from the Laboratory of Fisheries Program of the Ortaca Vocational School, University of Muğla, Turkey. Before the trial, the fi sh were acclimatized for 14 days. During this period, the fi sh were hand fed three times a day until apparent satiation using control diet (0PBM). Thereafter, 20 fi sh (0.879 ± 0.09 g; mean weight ± SD) were randomly stocked per aquarium in triplicate groups for each treatment. Fifteen glass aquaria with 65 L of water were used for rearing the fi sh. Fish were fed by hand three times a day (at 0900, 1300, and 1700 h) with the experimental diets to apparent satiation for 12 weeks. Water temperatures, dissolved oxygen concentrations, and pH were maintained around 25 ± 1ºC, 5.1 ± 0.3 mg · L -1 , and 8.1 ± 0.3, respectively. The photoperiod regime of 10 h light : 14 h dark was maintained throughout the experiment. The fi sh were maintained in accordance with the guidelines of the Akdeniz University of Animal Experiments Local Ethics Committee. Experimental diets. The proximate composition of the main protein ingredients used in the diets was specifi ed in our earlier paper (Gümüş and Aydin 2013). Five isonitrogenous (approximately 34% crude protein), isolipidic (approximately 9% crude lipid), and isoenergetic (approximately 15 MJ · kg -1 digestible energy) experimental diets replacing 0% (control diet; 0PBM), 25% (25PBM), 50% (50PBM), 75% (75PBM), and 100% (100PBM) of FM protein by PBM protein were formulated ( Table 1) . Each of the test ingredients was thoroughly ground so as to pass through a 0.5 mm mesh sieve. All the ingredients for each experimental diet were thoroughly mixed, then lipid and water were added, and the ingredients were thoroughly mixed. The corn oil amount was different for each experimental diet; however, control feed only contained fi sh oil as well as corn oil. Diets were processed using a meat grinder with a 2 mm diameter pellets, dried at room temperature to a moisture content of less than 100 g · kg -1 diet, crumbled and sieved to appropriate size, sealed in plastic bags, and stored at -20ºC until used. Proximate and fatty acid composition of the experimental diets are presented in Table 2 . Sampling procedures and chemical analyses. At the end of the feeding trial, all fi sh were starved for 24 h. Five fi sh from each aquarium, intended for histological examination and determination of fatty acid composition of the muscle, were randomly sampled after being euthanized by an overdose of clove oil (Talya Herbal Products Company, Antalya, Turkey). Proximate composition of the experimental diets were analysed according to standard procedures following Anonymous (1995) . The crude protein content (N × 6.25) was determined by the Kjeldahl method after acid digestion, the crude lipid content was determined following the Soxhlet method after ethylether extraction, the dry matter content-after drying at 105ºC until constant weight remained stable, and the ash content-after 4 h incineration at 550ºC in a combustion oven. Crude fi bre content was determined after alkali and acid digestion and weighing of the residue ash. Nitrogen-free extract (NFE) was determined by the formula:
NFE = 100 -(%Mo + %Pr + %Li + %As + %Fi)
where Mo is moisture, Pr is protein content, Li is lipid content, As is ash, and Fi is fi bre content. Fatty acids were determined by gas chromatography. For this purpose, total lipids were extracted by using a modifi ed method of Bligh and Dyer (1959) , and then saponifi ed and methylated for fatty acid quantifi cation (Morrison and Smith 1964) . Histological examination. Five fi sh per aquarium were randomly selected for histological study, subsequently killed by excess anaesthesia, and their livers were dissected (in total, 15 fi sh per treatment). The liver samples were fi xed in 10% phosphate-buffered formalin (pH 7.2), dehydrated in a graded ethanol series, and embedded in paraffi n following the standard histological procedures. Then the sections (5 μm thick) were cut using a rotary microtome (RM2135 RT, Leica Instruments, Nußloch, Germany). All the obtained slices were stained in hematoxylin and eosin (H&E), and examined under a light microscope (Olympus CX41, Japan). Statistical analysis. Results were expressed as means ± standard deviation throughout the text. All data were processed by one-way analysis of variance (ANOVA) using SPSS 15.0 (SPSS INC. Chicago, IL, USA). Differences among the means were compared using Duncan's multiple range tests at a 5% probability level.
RESULTS
The proximate-and fatty acid composition in main protein ingredients such as: FM, PBM, and soybean meal were specifi ed in our earlier paper (Gümüş and Aydin 2013). In terms of the fatty acid composition of the ingredients, the saturated fatty acids (SFA) contents was higher in PBM (39.76%) than in FM (31.86%). Similarly, monounsaturated fatty acids (MUFA) content was higher in PBM (43.80%) than in FM (18.85%). On the other hand, the amount of polyunsaturated fatty acids (PUFA) (12.39%) in PBM was distinctly lower than that of FM containing considerable amounts of PUFA (32.75%) mainly composed of docosapentaenoic acid (22:5n-3) (11.90%) and docosahexaenoic acid (22:6n-3) (17.53%). The proximate-and fatty acid composition of experimental diets, containing graded levels of PBM are given in Table 2 . The composition of fatty acids (SFA, MUFA, and PUFA) of the experimental diets ranged from 30.99% to 31.89%, from 21.04% to 41.28%, and from 16.88% to 30.10%, respectively. Σ n-3 PUFA and Σ n-6 PUFA ranged from 1.17% to 20.00% and from 4.10% to 15.99%, respectively. The fatty acid composition of fi sh fed the experimental diets containing different proportions of PBM are shown in Table 3 . As the FM content decreased, there was no reduction of the SFA content in fi sh muscle. Compared with fi sh fed the control diet (0PBM), the fatty acid composition of fi sh fed the PBM diets had higher proportions of MUFA contents which was due to 18:1n-9. Nevertheless, PUFA, Σ n-3 PUFA, and the Σ n-3 : Σ n-6 ratio signifi cantly decreased (P < 0.05) with increasing PBM protein in diet. The different diet treatments resulted in signifi cant differences in the Σ n-3 PUFA contents of the Nile tilapia (Table 3 ). The Σ n-3 PUFA in fi sh muscle were similar to the levels found in their respective diets. FM replacement with PBM increased Σ n-6 PUFA contents of fi sh, mainly due to 18:2n-6, which is present in high quantities in PBM. It is generally accepted that fatty acid composition of fi sh muscle refl ects the fatty acid composition of their diets.
The histological examination of liver tissue in all treatments of this study, revealed no histological abnormalities. Histological images of the liver of fi sh representing different treatments are presented in Fig. 1 . The livers of fi sh fed the experimental diets demonstrated normal-shaped hepatocytes but, a slightly low hepatic lipid accumulation was visible at all treatments. Proximate composition values are mean (± standard deviation) of triplicate analysis; Diet code indicating percent of fi sh meal protein replacement with PBM protein (0%, 25%, 50%, 75%, and 100%, respectively); The fatty acid code indicates the degree of unsaturation (number of carbon atoms : number of double bonds); 1 Digestibility energy estimated using 4.9, 9.01, and 3.49 kcal · g -1 for protein, fat, and carbohydrate, respectively (Anonymous 1993); 2 Each value is the mean (± standard deviation) of two replicates; SFA = saturated fatty acids (including 14:0, 15:0, 16:0, 17:0, 18:0, and 20:0); MUFA = monounsaturated fatty acids (including 16:1, 18:1, and 20:1); PUFA = polyunsaturated fatty acids (n-3 and n-6 fatty acids: including 18:3n-3, 20:5n-3, 22:5n-3, 22:6n-3, 18:2n-6, 18:3n-6, C20:2n-6, and 20:4n-6).
DISCUSSION
Fatty acid analyses of the feed ingredients (Gümüş and Aydin 2013) revealed that PBM used in this study contains a higher amount of Σ n-6 PUFA (particularly 18:2n-6), along with a lower level of Σ n-3 PUFA (particularly 22:5n-3 and 22:6n-3) compared with FM. Analyses of the experimental diets showed that the fatty acid composition was not similar among the diets (Table 2) . Likewise, Yigit et al. (2006) showed that the replacement diets contained less Σ n-3 HUFA than the control diet because of the lower content of lipids in the FM. It is well known that dietary fatty acid contents infl uences fatty acid composition in muscle of fi sh (Higgs et al. 2006 , Bahurmiz and Ng 2007 , Borquez et al. 2011 . The results of the presently reported study, show that replacement of FM pro-tein by PBM protein modifi ed the fatty acid composition of fi sh tissue (Table 3) , as reported in previous studies (Gümüş and Erdogan 2010 , Gümüş and Aydin 2013 , Parés-Sierra et al. 2014 . Our fi ndings disagree with other studies which demonstrated that alternative protein sources did not infl uence fatty acid composition of fi sh (Gümüş 2011 , Nogueira et al. 2012 . In the presently reported study, the increasing SFA content in the experimental diets was not refl ected in the muscle tissue composition. But, MUFA and PUFA contents were affected by experimental diets. However, Nogueira et al. (2012) observed that SFA, Σ n-3 PUFA and Σ n-6 PUFA concentrations of the whole-body were not affected by blood and feather meal supplementation, whereas differences were found in total MUFA. PBM containing 20% lipid (predomi-nantly from C16:0 and C18:1n-9 fatty acids) was the primary protein source and no FM was used in 100PBM diet. Fatty acid analyses revealed that clear differences in fatty acids in muscle tissue from diet 100PBM, where levels of 16:0, 18:1n-9, and 18:3n-6 were signifi cantly higher, while 20:5n-3 and 22:6n-3 were lower. Similarly to these results, Parés-Sierra et al. (2014) showed that rainbow trout feeding with PBM, resulted in lower 20:5n-3 and 22:6n-3 contents. The amount of Σ n-3 PUFA in the muscle of fi sh fed the 100PBM diet was 2.3%, while in control was 17.4%. FM replacement with different proportions of PBM caused a decline of Σ n-3 PUFA levels because of low levels of Σ n-3 PUFA levels in diets. Similar results were reported in the mirror carp (Cyprinus carpio) fed diets with graded levels of sand smelt meal and PBM (Gümüş 2011, Gümüş and Aydin 2013). But, Gümüş and Erdogan (2010) reported that the level of Σ n-3 PUFA did not affect signifi cantly fatty acid composition of the fry of Nile tilapia (Oreochromis niloticus) muscle fed diets having tuna liver meal inclusions at different proportions. On the other hand, there was a high increase in the levels of MUFA (particularly C18:1n-9) and n-6 PUFA (particularly 18:2n-6) in fi sh fed PBM based diets. This is in agreement with other studies showing that fatty acid compositions of fi sh are affected by dietary protein sources (Gümüş and Aydin 2013, Parés-Sierra et al. 2014) . Tilapia are omnivorous fi sh, so they do not require high inclusion rate of FM, and do need greater amounts of Σ n-6 PUFA than Σ n-3 PUFA in their diets (Takeuchi et al. 2002, Gümüş and Erdogan 2010) . Evaluation of histological structure of fi sh liver is important to assessing the effects of various nutrient feedstuffs that use raw materials in diet (Caballero et al. 2004 , Rašković et al. 2011 , Marković et al. 2012 , Hu et al. 2013 ). In the presently reported study, the liver of fi sh fed the experimental diets demonstrated normal-shaped hepatocytes but, lower lipid ac- Values in the same row with different superscripts are signifi cantly different (P < 0.05); Fatty acids composition values are mean (± SD) of two analyses. 1 Total saturated fatty acids included C14:0, C15:0, C16:0, C17:0, C18:0, and C20:0; 2 Total MUFA (Monounsaturated fatty acids) included C14:1, C16:1, C18:1n-9, C20:1n-9, and C24:1; 3 Total n-3 PUFA (Polyunsaturated fatty acids) included C18:3n-3, C20:5n-3, C22:5n-3, and C22:6n-3. 4 Total n-6 PUFA (Polyunsaturated fatty acids) included C18:2n-6, C18:3n-6, C20:2n-6, and C22:2n-6; 5 Total PUFA (Polyunsaturated fatty acids) included C18:2n-6, C18:3n-3, C18:3n-6, C20:2n-6, C20:3n-3, C20:5n-3, C22:2n-6, and C22:6n-3.
cumulation in liver of fi sh fed diets containing graded levels of PBM. Similarly, Glencross et al. (2004) reported that small lipid droplet formation in the liver of rainbow trout was observed, which may in part be related to the poorer energy retention of a diet that included high levels of yellow lupin kernel meal. Likewise, the hepatocyte morphology of sharpsnout sea bream, Diplodus puntazzo (Walbaum, 1792), appeared to not be altered by plant protein substitution (Nogales Mérida et al. 2010) . In contrast to our fi ndings, Hlophe and Moyo (2014) reported that liver histology indicated an increase in hepatocyte degradation with increasing levels of Kikuyu grass meal and moringa leaves meal. Similarly, Hu et al. (2013) reported that high substitution of fi sh meal by animal protein blend (up to 60% and 80%) appeared to enlarge the hepatocytes and induce apparent hepatic steatosis.
In conclusion, the concentrations of Σ n-3 HUFA declined in the muscles of fi sh fed 75PBM and 100PBM diets. Although we found the signifi cant decrease of Σ n-3 PUFA and the Σ n-3 : Σ n-6 ratio in groups of 50PBM, 50% fi shmeal protein could be replaced by PBM protein.
The results also show that using poultry by-product meal in the diets for Nile tilapia do not signifi cantly affect liver histology indicating that these alternative proteins are usable in levels up to 500 g · kg -1 in diets for Nile tilapia. The current study was carried out for a short period of time, and it also should be studied the nutritional quality of PBM, in which supplemented of lysine, methionine, and threonine amino acids, as a substitute for FM in diets for marketable fi sh under fi eld conditions. 
